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PATENT 
Attorney Docket No.: 17846-036800 

METHOD AND SYSTEM FOR BALANCING A ROTATING 
MACHINERY OPERATING AT RESONANCE 

BACKGROUND OF THE INVENTION 

[01] The present invention is related to the balancing of rotating machinery, 
and particularly to methods and systems for the balancing of rotating machinery which 
operate at or ne2ir resonance at their normal operational speed. 

[02] Rotating machinery are balanced to reduce vibration levels to levels 
that are acceptable from an operational and safety viewpoint. One cause of machinery 
vibration is imbalance. Imbalance produces centrifugal forces that adversely load bearings, 
which in turn reduces the operational life of the bearings, which reduces the expected life of 
the rotating machinery. Rolling element bearings are especially vulnerable to unbalance 
loads. The average cost of a bearing replacement for a critical rotating machinery can be in 
excess of tens of thousand of dollars. Besides bearings, other equipment as well as those 
connected to rotating machinery may also be damaged by the xmacceptable machinery 
vibration levels, which also add to the costs associated with the remediation of the vibration 
levels. 

[03] The need for the balancing of rotating machinery to reduce or 
eliminate vibration levels has been recognized for many years and many methods have been 
developed to address the need. On one hand, there are purely heuristic methods that can take 
from several days to more than a week to complete. On the other hand, there are more 
deterministic methods that include a vibration analysis of the rotating machinery to determine 
the vibration vector(s) which provides a magnitude of the amplitude and phase of the 
vibration. Phase asjased herein relates to the angular position of the vibration hi^point on a 
rotating shaft , which i smeasured with re spect^t o a known r eference^pomt. One such 
deterministic method is commonly knovm as the Rotor Influence Coefficient ("RIC") 
method. The output of a RIC test provides an influengfi^coefficient^jwl^^ of the 

amount and location ^hase) of the necessarycorrection weightsthaUieeds to be added to or 
removed from a rotating shaft to lower a measured vibration below an acceptable threshold. 
Anned^ith the results of a vibration analysis (e.g., influence coefficients), operating 
personnel will have the ability to achieve ftiture one-shot balancing of that or any other 
similar machine. This method (RIC) affords a highly accurate and short duration process to 




balance other similar rotating machinery as opposed to a heuristic, uncertain and time 

consuming process. 

[04] As the number of rotating shafts increase in a rotating machinery from 

one to several shafts, dynamic vibration analysis and balancing methods based thereon get 
5 more complicated and their data analysis needs get rather more xmruly. For example, each 

shaft will need its own set of vibration transducers, in addition to casing-mounted 

transducers, all of which increases the complexity and cost of the balancing task. 

[05] Furthermore, industry practice guidelines related to the balancing of 

rotating machinery specifically recommend that a vibration analysis and the related balancing 
10 not be done near resonar^e conditions as the location ofmaximum vibration amplitude on a 

rotating shaft (phase) ch^iges^jy_japidly^^^ and can lead to 

i=.i considerable measurement error and/or equipment damage. While most rotating machinery 
'it are designed to not operate at rotational speeds that are near the resonance conditions, some 

machines operate near resonance conditions at their normal (IX) operational speed. 
iliS [06] There is therefore a need fdr-methods and systems for performing a 

dynamic vibration analysis and balancing of multi-rotor rotating machinery and especially 

multi-rotor machinery which operate operating at or near structural resonance conditions. 

n I BRIEF SUMMARY OF THE INVENTION 

[07] The present invention provides a method and system for balancing a 

20 rotating machinery, wherein the rotating machinery has an inner frame, an outer casing, and 
counterweights connected with a shaft of the rotating machinery, comprising: mounting a 
proximity probe on the outer casing, the proximity probe configured to provide phase 
readings to a phase reading output channel, wherein the phase reading is measured in degrees 
measured with respect to a key phasor; movmting a first plurality of velocity transducers on 

25 the inner frame, each of the velocity transducers configured to provide a first plurality of 
velocity signals to a first plurality of velocity signal output channels; mounting a second 
plurality of velocity transducers on the outer casing, each of the velocity transducers 
configured to provide a second plurality of velocity signals to a second plurality of velocity 
signal output channels; connecting the phase reading output channel, the first and second 

30 plurality of velocity signal output channels to a data acquisition system; collecting vibration 
data provided by the phase reading output channel, and the first and second plurality of 
velocity signal channels, using the data acquisition system; removing the outer casing to 
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allow access to the counterweights; and adjusting the counterweights using a predetermined 
rotor influence coefficient to reduce the vibration below an acceptable threshold level. 

[08] For a further understanding of the nature and advantages of the 
invention, reference should be made to the following description taken in conjunction with 
5 the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[09] Fig. 1 is polar graph of a vibration data from a velocity transducer 
oriented at the k eyphasor from a three-shaft scroll pump before the application of resonance 
balancing. 

10 [10] Fig. 2 is polar graph of a vibration data from a velocity transducer 

oriented a t 90 degre es from the keyphasor from a three-shaft scroll pump before the 
application of resonance balancing. 

M.I [11] Fig. 3 is a flowchart of an embodiment of the vibration analysis 

i : I method of the present invention. 

15 DETAILED DESCRIPTION OF THE INVENTION 

Overall Approach 

l^ii [12] Embodiments of the method of the present invention are related to the 

^ balancing of turbomachinery that operate at or near resonant conditions at their normal 

operating speed. The method most commonly used is known by various names the "three 

20 run" method, the "trial weight" method, the Thearle method, the "Rotor Influence 

Coefficient" method, etc. and others as are known to those skilled in the art. The teachings 
provided from the accepted industry practice prohibit the balancing of a machine in or near 
resonance condition, and guide an operator to first modify the machine out of a resonance 
condition before attempting to balance a machine. These teachings are quite valuable from a 

25 design perspective, because they force the machine designers to avoid designing a machine 
that has an operational mode near a resonance condition. However, these teachings are not 
very effective for an operator faced with the task of balancing a machine that operates, by 
design, near a resonance condition. The inventor of the present invention provides methods 
and systems, based on a RIC approach, that enable the balancing of machines that, by design, 

30 operate near resonance conditions. 
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Resonance. Machinery Design and Balancing 

[13] Resonance or stractural resonance is defined as a condition where a 
machine operates at the (or harmonics of) natural frequency of the rotor or structure. 
Resonance ampUfies the exciting force and may be such a destructive condition that most, if 
5 not all rotating machines, are designed to operate well above or below any resonant 
conditions. As machinery speed increases approaching a resonance condition, the 
mechanical phase lagbe tween the heav> ^spot^fimba]^ ^ and the hi gh^spot^vibration 
increases. At speeds well below resonance speeds, the heavy spot of unbalance and the high 
spot of vibration are at the same place on a rotating shaft, or in other words, the mechanical 

10 phase difference is nearly^ro. However, as the mach ine's opffational^peed increases 
approaching a resonance speed, the phasejiifjerence-continues^o-increasejo^^ph 

difference approaching'90 degrees. At this point (phase difference of approximately 90 

^ — - . ■ 

degrees) the machinery is considered to be operating in resonance, wherein the forces and 
jsJi vibrations are amplified and the machine is at risk of failure. 

11 [14] Not only are machines generally designed to avoid running speeds near 
I:= the resonant speed of the machine, accepted industry practice also extends this prohibition to 

vibration analysis and dynamic balancing procedures. One reason for this accepted practice 
ni is that an inadvertent weight adjustment and hence an inadvertent increase in unbalance could 
prove to be at best unsafe and at worst disastrous. 

2b Vibration Analysis 

[15] A goal of vibration analysis is to characterize the vibration signature of 
a machine and reduce the vibration levels to acceptable levels. A major contributor to 
vibration levels is rotor imbalance, which includes the eccentric relative placement of the 
distributed rotor mass with respect to the shaft's center of rotation. Unbalance problems are 

25 generally indicated by a higher-than-acceptable vibration amplitude at the running speed (or 
"IX") speed. Further, it is known that in addition to a residual imbalance of a rotor, vibration 
is also most typically produced by bearing defects, meshing of gears and many other sources 
as is known by those of skill in art of maintaining rotating machinery. 

[16] Vibration analysis and in- field-balancing generally require the 

30 measurement of various vibration vectors, wherein each vibration vector may be defined by a 
vibration amplitude and a phase angle, or other equivalent readings. The measurement of 
vibration vectors is generally achieved by using appropriate motion transducers, which 
include, displacement, velocity and acceleration transducers. Those having necessary skills 
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to be involved in the vibration analysis of turbomachinery are quite familiar with the various 
types of transducers, their advantages and limitations. For the purpose of the embodiments of 
the present invention, a detailed description of the specific types of transducer, their selection 
and moxmting is not provided herein, as suclLkno^Adedg^ of 
5 knowledge possessed by one of ordinary skill in the art. It is generally known that frequency 
consideratioi^^reTmpo^ and monitoring a vibration parameter (e.g., 

acceleration, velocity and displacement). For example, acceleration is not a good choice for 
very low frequency analysis, while displacement does not generally work well for high 
frequencies. Furthermore, it is generally known that velocity is a good indicator of damage, 

10 independent of machine speed, implying that that vibration velocity is a good parameter for 
general machine monitoring. Therefore, embodiments of the present invention use a 

;!!! combination of velocity and displaceniennra^ which are adequate for the particular 

vibration analysis task involved. This selection of transducer types is meant to be illustrative 

m and not limiting of the scope of the present claimed invention. 

lil [17] In addition to using motion transducers for measuring vibration 

- parameters, the operating speed of the shaft also needs to be monitored as a part of the 

Ll vibration measurements. Transducers used for the purpose of measuring the operating speed 
of a shaft are called tachometers. Tachometers normally produce a fixed number of '*pulses" 

i-^ per revolution which is in turn converted to a rotational speed by a counter, e.g. , a data 

■2$ acquisition system. Common types of tachometers include the displacement probe, optical 
sensors, or magnetic sensors. Another transducer used as a tachometer is a<^rQximit>^prob^ 
A proximity probe is a non-contacting displacement transducer which is used to measure 
relative shaft motion. Proximity probes, when used as a tachometer, are useful in 
determining accurate operating speeds of a shaft and identifying speed-related components of 

25 velocity. The transducer itself normally provides a pulse of some fixed amplitude at a rate 
related to the rotational speed, wherein the pulse is typically provided once per revolution. 

[18] A proximity probe when used as a tachometer, is not used to get 
accurate displacement information, but is primarily used to detecUhe^resenceLof a key way 
slot on^a jptating sha ft. This key w^;_slotjwhich is detected by a ^prox hnjty.prob^is referred 

30 to as a keyphasor. It i s known that the u se of the keyphasor tachometer signal provides 

highly reliable results as compared to other methods for measuring a phase reference angle; 
such as for example, the stroboscopic technique for measuring a phase angle. Thus, a 
proximity probe when used as a tachometer to detect a shaft key way (keyphasor) provides a 
once per revolution signal to a data acquisition system. The output of the proximity probe 
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(tachometer) is handled in one of two ways. The proximity probes output is fed into a 
channel of the data analyzer where the once-per-revolution pulse train will produce a large 
frequency component at the rotation speed of the shaft. This siffli al is use fiiHnobtaining 
phase information about aU t he other response channels (z.e, velocity transducers). 
5 Alternately, the output signal of the proximity probe is used to measure the rotational speed 
of the shaft. Additionally, the output signal of the proximity probe is^ onnected to trigger the 
input of the data analyzer to obtain a phase reference. Thus, the keyphasor and its detection 
bylheproximity^robFprovide a means of getting a consistent trigger signal fi*om a rotating 
shaft. Furthermore, as vibration data is typically provided as a vector with a magnitude and a 
10 phase angle, the key phasor^erves_as^_r^^^^ angle is 

measured. Therefore, a keyphasor is used to measure a beginning of a rotation and a 
reference^ for angle computations, and the proximity probe in conjunction with the keyphasor 
r:! is used to pro vide p has ^as well jis^tatioj ia]^peedJiiformation. Thus, a vibration analysis 
Ul provides for the measurement of vibration vectors using various transducers and tachometers, 
i| wherein each vector includes a vibration magnitude (e.g,, mils or inches) and a phase angle 
^ (degrees measured relative to a key way or a keyphasor). 

Rotor Dynamics 

\^ [19] Another purpose of performing a vibration analysis is to obtain an 

i==^ understanding of the rotor dynamics of a machine before any balancing is attempted. A 
|q machine's rotor-dynamics are generally characterized in view of the machine's or rotating 
shaft's natural frequency, to determine where the machine operates in relation to resonant 
conditions. It is^geiierallyjmgwn that when a vibration force occurs at a natural fi^equency, 
the structure will resonate (/.e, respond with a large amplitude vibration). Natural 
frequencies relate to machinery vibration in several important areas: (1) resonance of 
25 machine structure can cause changes in vibration levels with rpm, and these changes can be 
drastic as the structure move into and out of resonance and (2) the dynamics of rotating shafts 
change significantly near natural frequencies. Further, shafts which operate above or near the 
natural frequency of the shaft are classified as flexible, while those that operate well below 
their natural frequency are classified as rigid shafts. As the name implies, a flexible rotor is 
30 one which bends during operation. This bending occurs at the natural frequency of the rotor, 
often referred to as a critical speed. A flexible rotor has several c ritical spe eds, each with a 
specific bending shape or direction. The distinction between rigid and flexible rotors is 
important because the dynamics of a rotor change significantly as it approaches and passes 
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through a critical speed. For example, an output of a vibration analysis is provided in Figs. 1 
and 2. Figs. 1 and 2 are polar graphs of a vibration data from a velocity transducer oriented 
at the keyphasor and at 90 degrees from the keyphasor^ respectively, from a three-shaft scroll 
pump before the application of resonance balancing. These figures show that the location of 
5 the maximum vibration amplitude shifts by 90 degrees as the shaft speed changes from its IX 
speed down to a speed lower than the IX speed, indicating that the shaft is a flexile shaft or 
that the shaft is operating at a resonant condition. Phase readings are quite usefiil in 
recognizing resonance and in differentiating resonance from rotationally related components. 
For example, if the vibration is ^rotationa lly related (e.g., a key way passing frequency), the 

10 phase relative to the keyphasor signal will be constant. On the other hand, if the vibration is 
resonance-related, the phase will not be constant, and as is shown on Fig. 1, the phase 
^ V*^,f corresponding to the location of the rn^imum^^vibr^ion amplitude changes from 
^ ;::J approximately zero^e^^eesat 900 rpm (at "A") to 270° at 370 rpm (at "B"), providing an 

u;l indication that the machine and hence the vibration is resonance-related. Similar results are 
provided by Fig. 2, where the phase corresponding to the location of the maximum vibration 

4l amplitude changes from approximately 90° at approximately 890 rpm (at "AA") to 
approximately 0° at 370 rpm (at "BB"). 

[!:| [20] Furthermore, as can be seen from Fig. 1, the vibration amplitude drops 

significantly from approximately 2.6 mils (at "A") to approximately 0.2 mils (at '*B'') as the 

2® rotational speed drops from 889 rpm to 370, providing another indication that the machine is 

' ^ operating at resonance. Similar results are provided by Fig. 2, where the vibration amplitude 
drops significantly from approximately 3 mils (at "AA") to approximately 0 mils (at "BB") as 
the rotational speed drops from 889 to 370 rpm. 

[21] Using vibration analysis, to obtain an understanding of the rotor 

25 dynamics of the machine, the Rotor Influence Coefficient (RIC) of the machine operating at 
or near resonance can then be determined. 

Rotor Influence Coefficient 

[22] The RIC test provides for a one-run balancing process, such that after a 
first balancing, future balancing on that machine or other machines which are rotationally, 
30 mechanically and vibrationally similar, can usually be done with only one step to add (or 

remove) weights at the appropriate correction planes. The data from the RIC test will yield a 
"phase lag (or lead)" and sensitivity (or influence coefficient) which enables determination of 
the required weight and location directly from the initial operating vibration (amplitude and 
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phase) readings. Machine similarity also assumes that the "system" as in the combination of 
the machine, bearings, moimts, foundation, piping, process conditions, etc. are not 
significantly different between the two balance efforts. 

[231 The RIC method generally requires that a trial vibration analysis be 
5 first performed to record both amplitude and phase angle of the vibration for each 

measurement plane. A measurem^ t,plangis,a,lQcatiQn (e^., ona^haQ^where vibration 
transducers ac quire data for balancing purposes. Weights are later applied to balance a plane 
or planes to correct the unbalance condition. The trial weights are added to a first correction 
plane, the rotor is spun and the vibration amplitude and phase angle is recorded at each 
10 measurement plane. Next, the trail weight is removed from the first correction plane and 

placed on the next correction plan, the rotor spun and vibration amplitude and phase angle are 
: recorded at each measurement plane. By moving the trial weight and repeating this process 
^ for all measurement planes, it becomes possible to solve for (a set of) the influence 
Q coefficients. Trial weights are used to measure how the rotor will respond to the weight. 
jlJI This weight will induce a different balance condition with an accompanying change in the 
vibration level and/or phase lag. This change, once introduced into balance calculations, will 
dictate how much and where a weight correction will be required to reduce a vibration to an 
acceptable level. 

: a? 

ril [24] The indust ry practice ^ guide lines related to the balancing of rotating 

2Q /machinery specifically state that a balancing and hence influence coefficient tests not be done 
/ near resonance conditions as the phase and amplitudes change very rapidly with speed near 
/ resonance due to the non-linear response inherent with resonance. 

A pplication of the Method for Balancing a Three-Shaft Pump Operating at Resonance 
[25] A particular type of rotating machinery which was balanced using the 

25 method of the present invention was a Normetex 600 m^/hr three-shaft scroll pump. This 

particular pump is chosen to illustrate the utility of the embodiments of the present invention 
as applied to a three-shaft pump and especially a three-shaft pump, which operates at a 
resonance condition at its normal (IX) operational speed. The combination of the rtiultiple 
shafts, multiple correction planes and the resonance condition at IX speed are such unique 

30 conditions that to the inventors knowledge, no pumps withthese conditions have been 

successfiiUy balanced using a RIC method. The multiple rotors present additional challenges 
to obtaining an understanding of the machine dynamics of the three-shaft scroll pump, thus 
making any balancing effort more challenging. Further, the resonant condition at the IX 
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speed, is another condition that prevents many from even attempting to balance such a 
machine. As provided above, the accepted industry practice is to not balance a machine 
operating in or near a resonant condition for several reasons, some of which were set forth 
above. This aspect (resonance) makes the method of balancing as embodied by this invention 
unique to the industry. 

[26] In general, scroll pumps are very common and are used in almost all 
the refrigeration systems to draw a vacuum. The difference between the common scroll 
pump and the scroll pump as tested herein is that common scroll pumps have a single rotor. 
:i While the ability to balance single shaft scroll pumps has existed in the past, the uniqueness 
of three-shaft scroll pumps has created a unique need for a balancing approach. This unique 
need is addressed by the inventor herein and the invented methodology is applied to balance 
such a pump, as is described below. The Normetex 600 m^/hr scroll pump is comprised of a 
stationary scroll above which rotates the rotating scroll mounted on the three shafts (or 
arbors). The ends of the shafts are mounted in a large machine frame parallel to each other 
and located 120 degrees apart. Two shafts have drive motors while the remaining shaft is not 
driven. All three shafts have two counter weights, which are used the balance planes. 

[27] The method used to balance the Normetex pump ij>_ generally the^RIC __ 
method wit hjhe ^^v^ign^ excepti onftgUhe machine ope rates in a structural resonance 
condition, and hence all balancin g ^rk-j^^rformed atAeresonantspeed. This is necessary 
since the machine operates continually in resonance, a design that is also contrary to industry 
practice. Due to the added risk to the machine and operator, extreme care was taken in sizing 
the trial and correction weights. Extreme Care was most necessary during the trial weight 
stage and was exercised by starting with a very small weight being added to determine what 
was safe and incrementally increasing the size of the weight. Each weight change to the 
arbors/shafts required disassembly, weight addition, re-assembly, preparation for startup, 
collecting startup, steady state and coast down vibration data and finally analyzing the resuUs. 
Each evolution described required roughly 15 man-hours. For example, during the 
development of the Rotor Influence Coefficient and balancing of the first pump seven 
different weight sizes were used requiring 42 individual weights being added and removed in 
a systematically manner. Since influence factors can change drastically as the machine 
moves into or out of resonance (during the testing) unexpected test data may be obtained. 
Expected data represents a commensurate change in the vibration amplitude and/or phase 
angle and the relationship of the vibration data points. Unexpected results would be indicated 
by non-linear results like a large or unacceptable change in the vibration condition with only 



a slight change in weight amount or placement. The ope^^ation_an(^^ at 
or near its resonant condition creates umgu eness to the^alancing^process, which adds 
significant time to process of determining a correct influence coefficient. As stated above 42 
different weights were added and removed during the development of the RIC in an effort to 
prevent machine damage. The unbalance results were compared to differentiate the linear 
verses non-linear changes to balance condition as well as the analysis of the internal verses 
external motion.'^|Analysis of three shafts with six balance weights and one moving scroll 
, operating at a steady speed synchronous with a natural frequency has, to the knowledge of the 
inventor, never been performed in the United States^This combined complexity and the 
prohibitions based on industry practice (to not balance a machine operating at or near 
resonance) has most likely prevented others from attempting or succeeding to date. 

[28] Fig. 3 is a flow chart 300 of the overall process used to balance pumps 
operating at resonance conditions. The method as described by Fig, 3 is applied to a 
Normetex 600 m^/hr three shaft scroll pump. The Normetex pumps tested were not designed 
to have internal vibration monitoring or speed measurements. Since resonance balancing 
requires internal vibration measurements and thus the means to install the necessary sensors, 
the pumps tested were temporarily rnodified to accegndbration^^ and a tachometer 

dur ing the balan cing-process. 

[29] The first step of the balancing process is the installation of a proximity 
probe for phase readings (step 310). In installing the proximity sensor, it is preferred to have 
z ero de grees be at thejeading edgejof^he^ Next, a first set of velocity 

transducers are mounted on the pump inner frame using a fr^neadapter (step 320). uA^vc^> 
Preferably, the first set of velocity transducers includes two (or more) velocity transducers, 
which provide their output to channels 1 and 2 of a data acquisition system, wherein the 
channel 1 transducer is oriented in the same direction as the key phasor, and wherein the 
channel 2 transducer is located at 90 degrees in the direction of rotation fi-om the channel 1 
transducer. Next, a second set of velocity transducers are mounted on the outerjcasing of the 
pump (step 330). Preferably, the second set of velocity transducers includes two (or more) 
transducers, which provide their output to channels 3 and 4 of a data acquisition system, 
wherein the channel 3 transducer is mounted in the same direction as the channel 1 
transducer, and wherein the channel 4 transducer is mounted in the same direction as the 
channel 2 transducer. Next, all the channels from all the measurements instruments are 
connected to a data acquisition system (step 340). In an embodiment, the channels 
corresponds to channels 1-4 for the four velocity transducers and channel 5 for phase 
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readings. Thus, the method and system in according to the present invention enable the 
balancing of a rotating machinery having six correction planes by only taking vibration data 
from 4 planes, yet applying correction weights to six planes. 

[30] In one embodiment, Bentley Nevada velocity transducers were 
installed inside the pump on a fabricated bracket, which was then bolted to the inner frame 
which supports the entire scroll pump. Another set of velocity transducers were magnetically 
mounted on the outside of the pump casing in the same plane as the internal channels. 
Further, a Bentley Nevada 3300 displacement probe was used to collect speed and vibration 
phase angles. This probe is also mounted on a fabricated bracket. An important factor is the 
proper selection and placement of appropriate transducers. The method of the present 
invention uses a proximity probe and a plurality of velocity transducers as described above, 
ffhejise of this particularc ombination is foLiUustration purposes and is not meant to limit the 
scope of the present claimed invention. All the transducers' outputs were connected to a 
"^Bentley Nevada ADRE 208P data collection and analysis system. The data analysis was 
performed in the time domain. Alternately, the data analysis can be carried out in the 
frequency domain, 

[31] With the instrumentation in place, vibrati on data was collec ted next 
(step 350). Vibration data was collected for ste ady state operation at the run ning sp eed, as 
well as for start up and coast down conditions. The data collected provided an assessment of 
the machine dynamics as well as the magnitude of the measured vibration. For example. 
Table 1 below shows the before and after balancing vibration results. As can be seen from 
this table, IX vibration values for channels 1-4 are 2.7, 2.9, 4.25, and 4.02 mils. These 
vibration values all exceed acceptable levels, (e.g. , the qualitative criterion provided by the 
manufacturer is that a French franc placed on the outer frame flange must stand on edge 
without falling over). To reduce these vibration levels, correction weights had to be applied 
to the existing counterweights. The outer pump casing was removed next (step 360) to 
provide access to the rotor counterweights. Next, using a previouslj^termined influence 
coefficient, the correction weights were applied to the counterweights. When the indicated 
vibration is in alignment with the coimterweights then the correction weight amount needs to 
removed from the counter weights, and if the indicated vibration is in not in alignment then 
the correction weight is added to the counter weights, wherein aUgn ment means phase 
relationship between the vibration andxou nterwei ght_center. In one embodiment, the 
correction weights are placed on' both the upper and lower coimterweights at a ratio of 
approximately 60% of the total correction weight on the top counter weight and the 
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remaining approximately 40% weight on the lower counter weight. The approximately 

60%/40% split was determined and refined by the trial weight testing process and is part of 

' s 

the RIC-based method. ^ 

-j_ II I — -I 

[32] For example, the previously determined influence coefficient is 210 

5 grams per mil^oth a 10-d egree advance. Thus, for a IX vibration of 4 mils, as measured on 
the frame {e.g., channel 4), the correction weights would be 840 grams (4 mils x 210 grams 
per mil) per rotor with 504 grams on the top coimterweights and 336 grams on the lower 
counterweights. Furthermore, using the 10 degree advance angle of the influence coefficient, 
^ the corrections weights were placed 190 degrees in the direction of rotation fi-om the 
10 indicated vibration. The addition of balance correction weight must be equal to and opposite 
of the heavy spot of the rotor, hence 180 degrees. The actual mechanical lag of the rotor was 
: =^ found to 10 degrees once the non-linear resonance effects on phase angle were understood, 
^ thus resulting in the placement at 190 degrees. Furthermore, alignment of indicated vibration 
I^J and counterweights is a phase relationship measured in units of degrees. For example with 0 
1^ degrees being located at the edge of a shaft/arbor counterweight, a vibration of 270 degrees 
4f would be 1 80 degrees from the center of the counterweight, understanding that a counter 
weight is a half circle, i.e., 180 degrees in circumferential length. 

[33] Table 1 below shows the vibration data comparing the vibration levels 
ril from after the balancing to levels before balancing. As can be seen fi-om this table, the 
io vibration levels after the balancing are significantly lower than those before the balancing. 



Channel 


Vibration - Before (mils) 


Vibration - After (mils) 


% Reduction 


1 -inside 


2.7 


0.24 


91 


2-inside 


2.9 


0.07 


98 


3 -outside 


4.25 


0.49 


88 


4-outside 


4.02 


0.7 


83 



Table 1: Before and After Balancing Running Speed Vibration Values 

[34] The resojiance^lancingjne^ of the present invention provides 
several advantages. One advantage is in the difference between the number of correction 
' planes vs. the number of measurements. While correction weights were appli ed to 6 
25 , locations, vibration data was only obtained from four velocity transducers as set forth above. 
This is possible once the rotor dynamics were better understood. Specifically that, although 
each shaft/arbor has it's own imbalance with two planes for correction, the resultant 
unbalance can be controlled as if there was only one shaft. 
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[35] As will be understood by those of skill in the art, the present invention 
may be embodied in other specific forms without departing from the essential characteristics 
thereof. For example, the resonance balancing system and method of the present invention 
may be carried out using other types of vibration transducers. Further, the resonance 
balancing system and method of the present invention are applicable to the balancing of any 
other machine that operates at or near resonance conditions. Accordingly, the foregoing 
description is intended to be illustrative, but not limiting, of the scope of the invention which 
is set forth in the following claims. 
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